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In a small lake, intermittent destratification was installed after several other physico-chemical 
and physical in-lake therapy measures (phosphorus immobilization, permanent destratification) 
had been tested without great success. If an aerobic sediment-water interface can be 
maintained, intermittent destratification removes cyanobacteria and prevents optimal 
development of other members of the photoautotrophic plankton. During growing seasons, 
increasing abundances of small-bodied herbivores (Bosmina) and Daphnia may have 
accounted for relatively low phytoplankton biomass as well. 
Intermittent destratification is a very fast-working in-lake measure and seems to be 
applicable even in relatively shallow lakes (< 15 m), in which permanent destratification seems 
to be risky. 
Introduction 
Cyanobacterial dominance is assumed to be a clear sign of eutrophication (e.g. Vollenweider 
1968, also see Table 1; Wetzel 1983). In temperate climates, cyanobacteria are the most 
prominent producers of (extracellular) organic substances, which can negatively affect other 
aquatic organisms and cause changes in the trophic interactions as well as impair raw-water 
qualities by, for instance, off-flavours (e.g. Berglind et al. 1983). The two compounds most 
frequently identified as causing off-flavours in water are geosmin and 2-mefhylisoborneol. 
Furthermore, strains of all dominant cyanobacteria genera (Anabaena, Aphanizomenon, 
Microcystis, Oscillatoria/Limnothrix) are known to be capable of toxin production. These 
toxins can cause illness or death in almost any mammal, bird or fish which ingests enough of 
the toxic cells or extracellular toxins (for details see Carmichael et al. 1985; Berg et al., 1987; 
Steinberg 1990). Toxin-producing cyanobacteria are widely spread. Whereas instances of 
toxicity to fish, livestock and human consumers were, at one time, believed to be largely 
associated with the warmer climates at low latitudes, the application of recently introduced 
methods of assaying for cyanobacterial toxins (Berg et al. 1987) testifies to the widespread 
occurrence of toxic strains among populations in lakes and reservoirs of temperate climates as 
well. For instance, in Scandinavian lakes, Berg et al. (1986) found that about 50% of the 
examined blooms were toxic to mice. They also found that neurotoxins of cyanobacteria 
caused deaths of three cows. 
These examples serve to illustrate that the prevention of cyanobacterial blooms in lakes is 
one of the most important issues in applied limnology and - at least in some regions - in 
drinking-water supplies. 
In this paper, we want to demonstrate that certain physical and physico-chemical in-lake 
management measures can be more or less successfully applied in reducing planktonic 
cyanobacterial dominance. Our experience is based on several whole-lake experiments, which 
have been carried out in a small Bavarian lake. 
The water of the lake has a bicarbonate content of 5 mequiv. l-1. In the phytoplankton, 
filamentous cyanobacteria (Oscillatoriales) were dominant prior to in-lake management 
measures (Steinberg 1983). The lake is fed by several small groundwater sources and two 
surface inflows, of which one drains from an agricultural area. During winter this inflow loads 
the lake with de-icing salts from an adjacent street junction. As a consequence the lake, which 
formerly had been holomictic (Melzer 1976), became meromictic in the late 1970s. 
The second inflow drains from a nearby settlement, which was connected to a sewage 
diversion in 1981. However, the aquifer still desorbs appreciable amounts of phosphorus (Fig. 
1). The decreasing phosphorus content can be described by the relationship: [P] = 541 e-0.1y, r2 = 
0.92, where y is time in years. 
Except for winter months, dissolved or soluble reactive phosphorus (SRP, assumed to be 
equal to phosphorus available to algae) in this second inflow was immobilized by partly 
hydrolyzed aluminium chloride, between 1982 and 1987 (Fig. 2). On an annual average, about 
50-70% of the dissolved phosphorus was immobilized by this external management measure 
during 1982 to 1986. Since 1987, dissolved phosphorus is clearly increasing (Fig. 1). 
From April 1980 to the fall of 1984, the lake was permanently destratified. In April 1985, 
the permanent destratification was changed into an intermittent mode. By fluorimetric tracing, 
it was determined that during destratification the turnover time of the water was 2.7 days. 
Shortly before changing from quiescent to mixing conditions and from mixing to quiescent 
conditions, respectively, water samples were taken by means of a Schindler sampler at 1-m 
Table 1. Minimum phosphorus requirement per unit cell volume for several algae common to lakes 
of progressively increasing productivity (compiled by Vollenweider 1968). 
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Study site, material and methods 
Fischkaltersee is a head-lake of the Iffeldorf Lake District, located south of the Starnberger See 
(Upper Bavaria, Germany). It has the following morphometric and hydrological features (Table 
2). 
Table 2. Morphometric and hydrological data for Fischkaltersee. 
Figure 2. Chronology of internal and external lake management measures in/at Fischkaltersee. 
Figure 1. Mean annual phosphorus concentrations in the main tributary of Fischkaltersee. SRP is 
dissolved or soluble reactive phosphorus. 
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intervals. Immediately after sampling, temperature, pH and base capacity (to pH 8.2 as a 
measure of free carbon dioxide) were determined. All other parameters were analyzed in the 
laboratory. All determinations followed German Standard Methods or equivalents. 
Phytoplankton samples were taken by an integrating sampler after Schroder (Züllig & 
Bärlocher Ltd., Rheineck, Switzerland). They were fixed with Pfeiffer's solution. The counting 
was done with an inverted microscope (according to Utermöhl 1958). 
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First attempt at cyanobacterial inhibition: 
in-lake phosphorus flocculation 
Prior to the in-lake management measures employed in our investigations, the phytoplankton 
community in Fischkaltersee was dominated most of the time by filamentous cyanobacteria, 
Limnothrix redekei (van Goor) Meffert, and Oscillatoria rubescens D.C. If cyanobacterial 
dominance has to be regarded as a direct consequence of nutrient enrichment (eutrophication), 
as was shown in a classical compilation by Vollenweider (1968; see Table 1), nutrient 
reduction in the water column or reduction of nutrient availability should lead to the decreasing 
presence of cyanobacteria. 
Following this rationale, in December 1979 (prior to all destratification experiments), 
phosphorus in the lakewater was immobilized by flocculation with aluminium hydroxide, 
treating the various layers of the lake according to their specific phosphorus contents 
(Steinberg & Buchsteeg 1980). The molar ratio of A1:P was about 22, being ten times larger 
than the ratio used in successfully operating tertiary chemical sewage treatment plants. As a 
consequence of this measure, inactivation of dissolved phosphorus was about 70% in the 
tropholytic zone and almost 50% in the trophogenic layer immediately after the treatment 
procedure. The decrease of dissolved phosphorus was up to 65% in the lowermost zones and 
nearly 100% in the uppermost zones. The phosphorus content of the lake remained at the low 
post-treatment level from December 1979 to April 1980. Thus the adsorbing capacity of 
the aluminium layer in the sediment-water interface compensated for both allochthonous 
phosphorus-loading and phosphorus-release by the anaerobic sediments. The values may 
elucidate the chemical effect of the aluminium treatment. Whereas the phosphorus content in 
the uppermost layers increased slightly, the content in the sediment-water interface clearly 
decreased (Table 3). 
Table 3. Whole-lake changes of total phosphorus content (kg) in Fischkaltersee 
due to aluminium treatment in December 1979. 
Phytoplankton biomass was reduced up to 90% by co-precipitation directly after the 
flocculation treatment. However, after a few days, Limnothrix redekei reached its former 
abundances, probably due to at least two facts. (1), This cyanobacterium re-invaded the 
pelagial by formerly co-precipitated trichomes. These microorganisms carried phosphorus from 
the monimolimnion into the trophogenic zone. Thus on a long-term basis the phosphorus 
fractions available to photoautotrophic microorganisms did not significantly fall below 50 μg 
l-1. (2), From more recent experience it is known that the phosphorus content has to be reduced 
below 10 to 15 μg l-1 (not 50 μg l-1), in order to prevent cyanobacterial development in lakes on 
a long-term basis. In meromictic (sheltered) lakes with high water-column stability, 
cyanobacteria development, such as Oscillatoria/Limnothrix and Aphanizomenon, can be 
observed above this threshold (Steinberg & Hartmann 1988). 
In other studies of phosphorus precipitation and control of sediment-phosphorus release, 
much higher A1:P ratios have been applied. Kennedy & Cooke (1982) calculated dosages 
directly from the alkalinity of the water to be treated. For the alkalinity of Fischkaltersee, a 
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ratio of about 50 should have been applied to obtain pH 6.0, where insoluble aluminium 
hydroxide predominates. Cooke et al. (1982) treated several lakes according to their 
recommendations. However, in all lakes the phosphorus concentration remained above 35 μg 
l-1 and several lakes still had dense cyanobacteria populations. 
In Medical Lake, Washington, USA, an A1:P ratio of more than thirty times that of 
Fischkaltersee was applied (EPA 1980). Total phosphorus contents were reduced from 0.45 mg 
l-1 to between 0.07 and 0.05 mg l-1. In the post-treatment year, however, total phosphorus 
concentrations were again as high as 0.130 mg l-1 (Soltero et al. 1981). 
In White Lough, Northern Ireland - a lake fairly well comparable to Fischkaltersee by size 
and shape - phosphorus release to the hypolimnion was reduced by 92% as a result of adding 
ferric aluminium sulphate in the first post-treatment year. In the third year it returned to pre-
treatment levels. Overwintering phosphorus concentrations were in the range 31-53 mg P l-1 
compared to 111-194 mg P l-1 in pre-treatment years (Foy 1985). 
A reason for the failure of the precipitation treatment in Fischkaltersee is that this lake had 
become meromictic by the input of de-icing salts prior to the aluminium treatment in December 
1979, as mentioned above. This means that phosphorus concentrations had to fall below the 
extremely low threshold (10-15 μg P l-1) for cyanobacterial absence to be successfully 
established and maintained via low phosphorus content/availability. However, the actual 
phosphorus content of Fischkaltersee directly after the immobilization treatment was about 
three times higher than the threshold level. In general, this negative statement is valid for all 
precipitation treatment measures for which information is available. Consequently, most of the 
limno-biological studies report on failures and read like the one for White Lough (Foy & 
Fitzsimmons 1987): 
"Reduced total phosphorus concentrations in the summer which followed the 
addition of iron aluminium sulphate to White Lough failed to reduce significantly 
the phytoplankton, which continued to be dominated by Oscillatoria agardhii var. 
isothrix Skuja. This species was present throughout the 4 years studied, forming 
over 50% of the algal volume in 80% of samples". 
Second attempt at cyanobacterial inhibition: 
permanent destratification 
A permanent destratification was installed in Fischkaltersee in order to (1), destroy meromixis 
(= decrease water column stability); (2), oxidise the sediment-water interface to avoid 
phosphorus release from the sediment and to fix phosphorus from the water column onto the 
sediment; (3), reduce net light availability to phytoplankton. 
Since April 1980 (Fig. 2), we have aerated the lake at the deepest point by means of a mem-
brane compressor with a maximum pumping capacity of 275 litres of air min-1. To prevent the 
diffusor from sinking into the relatively soft sediment, it was mounted on a rack. The destrat-
ification process was started on low power to avoid a sudden distribution of reduced chemical 
compounds and oxygen deficiency, which could cause severe fish kills (cf. Danecker 1971). 
At the beginning, the effects of this in-lake measure were generally positive. Although the 
biomass of the chlorophytes and diatoms nearly doubled (Steinberg 1983), the population of 
cyanobacteria was removed almost completely. However, considering long-term effects, this 
measure was not successful. Although total phosphorus concentrations were reduced from 
about 90 to 50 g l-1 and dissolved phosphorus was almost undetectable, Limnothrix species 
reappeared in the third year of this in-lake management measure. The cyanobacteria peaked at 
the end of the fourth year of permanent destratification, the biomass being much higher than 
during the pre-destratification period (Steinberg & Tille-Backhaus 1990). 
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On a whole ecosystem scale, the findings at Fischkaltersee confirm laboratory as well as 
limnetic enclosure studies. For example, from enclosure experiments, several species of the 
Oscillatoria/Limnothrix group are known to be turbulence-tolerant or even turbulence-
preferring forms (Reynolds 1986, 1989). Whether or not Oscillatoriales can survive or even 
dominate under mixing conditions, depends on mixing depth, euphotic depth and the ratio of 
both, provided that biotic factors, such as changes in trophic features of the zooplankton, can 
be excluded. In Fischkaltersee during the period under question, no clear change in the 
zooplankton structure was observed. Large-bodied filter-feeders were low in abundance all the 
time. 
Actually, Limnothrix redekei developed in the shade of very dense populations of coccal 
greens and cryptophytes. As an additional mechanism, which may have favoured 
cyanobacterial re-occurrence, it is conceivable that these dense populations of eukaryotic algae 
depleted concentrations of dissolved carbon dioxide, as discussed among others by Shapiro 
(1990). During this phase of cyanobacterial re-occurrence, however, carbon dioxide 
concentrations were still well above detection limits, thus the carbon depletion mechanism may 
be of only minor importance. Similar findings have been reported by Spencer & King (1987). 
Possible mechanisms will be discussed in more detail later on. 
Third attempt at cyanobacterial inhibition: 
intermittent destratification 
In April 1985, the permanent stratification in Fischkaltersee was changed into an intermittent 
mode with the following objectives. (1), To repeat the positive success obtained at the 
beginning of the previous aeration, i.e. a decrease of cyanobacterial biomass and presence. (2), 
To aggravate the conditions of competition and development for all phytoplankton species in 
order to decrease the biomass of the algae, or (3), to elevate biomass losses via sedimentation 
but prevent phosphorus release from the sediment during quiescent periods. (4), To improve 
underwater light climates as a consequence of diminished phytoplankton biomass in order to 
avoid future cyanobacterial re-occurrence. 
In the first year of intermittent destratification the rhythm was approximately 21 days of 
mixing to 7 days of quiescence. Since the second year the rhythm has been approximately 
14:14 days. In order to increase phytoplankton biomass losses via sedimentation, the quiescent 
periods were slightly prolonged during later years. 
Even during the prolonged quiescent periods, there was no significant phosphorus release 
from the sediments, not even during periods of low oxygen content in the sediment-water 
interface (Fig. 3). The regression line has almost no slope, indicating that the phosphorus 
concentration in the sediment-water interface appears to be redox-independent. 
In 1984, the permanent destratification was in operation for less than 6 months due to 
technical problems and the lake restratified during the late growing season, with subsequent 
sediment-release of nutrients. With respect to intermittent mixing, 1984 may serve as a 
reference for pre-treatment conditions. 
Total phosphorus decreased from 60 (1984) to 30 μg l-1 in 1988; [P] = 60 - 5.65 log t, (t = 
units of 7.6 days), r = -0.582 (Fig. 4). This concentration, however, can still support 
cyanobacterial growth under conditions of high water stability (see above). 
From 1984 through 1988, on an equivalence basis, N:P ratios are increasing; N:P = 20.9 + 
5.07 log t, (t = units of 7.6 days), r = 0.29 (Fig. 5), which in turn may prevent invasion of 
hetero-cysteous cyanobacteria (Steinberg & Hartmann 1988). 
Due to rapidly decreasing silica concentrations ([Si] = 5.58 - 0.86 log t, (t = units of 7.6 
days), r = -0.70) (Fig. 6), the Si:P ratio declines from about 120 to 40; Si:P = 122 - 16.3 log t, 
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Figure 3. Differences in phosphorus content of the 11-m and 10-m depths, as an estimate of phosphorus 
release from the sediments, plotted against oxygen concentrations during quiescent periods in Fischkaltersee. 
Figure 4. Mean total phosphorus concentrations in the water column of Fischkaltersee in 1984 through 
1988. 
(t = units of 7.6 days), r = -0.53 (Fig. 7). According to Tilman (1982), such changes in Si:P 
ratios cause shifts in the diatom composition from species with a high silica requirement, for 
instance Synedra spp., to those with lower silica requirements, such as Asterionella formosa 
and some centric diatoms (Cyclotella meneghiniana, Stephanodiscus minutus). Actually, this 
trend can be detected in the Fischkaltersee plankton as well. During the years of intermittent 
destratification, Synedra acus was gradually replaced by Asterionella and several centric 
diatoms (Figs 8-11). 
Changes in biotic parameters 
As expected, the initial success caused by permanent destratification was repeated. Thus 
immediately after the onset of intermittent destratification, Limnothrix redekei peaked only for 
a few days and was finally out-competed by chlorophytes and diatoms (Fig. 8). Disregarding 
the fact that there was no stable pattern of phytoplankton succession in the following years, the 
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Figure 5. The ratios of inorganic nitrogen and total phosphorus (equivalence basis) in the water column of 
Fischkaltersee in 1984 through 1988. 
Figure 6. Mean dissolved reactive silica concentrations in the water column of Fischkaltersee in 1984 
through 1988. 
Figure 7. The ratios of dissolved reactive silica and total phosphorus (equivalence basis) in the water 
column of Fischkaltersee in 1984 through 1988. 
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Figure 8. Phytoplankton succession in the first year of intermittent destratification (=ID.) in 
Fischkaltersee, in 1985. 
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Figure 9. Phytoplankton succession in the second year of intermittent destratification (=ID) in 
Fischkaltersee, in 1986. 
Figure 10. Phytoplankton succession in the third year of intermittent destratification (=ID) in 
Fischkaltersee, in 1987. 
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Figure 11. Phytoplankton succession in the fourth year of intermittent destratification (=ID) in 
Fischkaltersee, in 1988. 
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Figure 12. Mean chlorophyll-a concentrations in the water column of Fischkaltersee in 1984 through 1989. 
Figure 14. Abundance (individuals 1-1) of Copepoda (including nauplia) in Fischkaltersee in 1984 through 
1989. 
Figure 13. Abundance (individuals 1-1) of Cladocera in Fischkaltersee in 1984 through 1989. 
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Figure 15. Abundance (individuals 1-1) of Rotatoria (Rotifera) in Fischkaltersee in 1984 through 1989. 
Figure 16. Comparison of regression lines (see Table 4) for abundances (log individuals 1-1) for 
components of the zooplankton in Fischkaltersee in 1984 through 1989. 
Table 4. Increases of zooplankton populations in Fischkaltersee during intermittent destratification, 
as described by regression equations. 
Figure 17. Cladoceran abundances (number l-1), cladoceran composition (%) and Secchi disc readings 
during 1988 and early 1989. 
general statement, however, remains valid throughout the total period of intermittent 
destratification. Filamentous planktonic cyanobacteria were traded-off completely (Figs 9-11). 
In several years, the occurrence of picoplankters has been monitored. Since neither the 
taxonomic problems nor the ecological significances of these forms are sufficiently resolved, a 
detailed assessment of their importance is not possible. 
In contrast to permanent mixing, possible nuisance cyanobacteria did not re-appear after a 
certain period of adaptation. Again in contrast to permanent mixing, the biomass of planktonic 
algae clearly and continuously decreased as indicated by chlorophyll-a (Fig. 12). Mean 
chlorophyll-a concentrations fell from 50 μg l-1 (pre-treatment period) to less than 25 μg l-1 in 
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1989. Furthermore, the annual oscillation of chlorophyll-a concentrations clearly declined, and 
the planktonic system appeared to have a more stable status. 
Probably due to better food conditions (replacement of filamentous cyanobacteria by 
chlorophytes and diatoms), the herbivorous zooplankton - cladocerans, copepods (mainly 
nauplia) and rotifers - increased in abundance (Figs 13-15). The turbulent conditions in the 
lake did not affect their development, since all of the studied groups reached densities which 
are common in slightly eutrophic lakes and reservoirs (e.g. Wetzel 1983). Increases for all 
zooplankton groups are statistically significant (P < 0.1); regressions are given in Table 4 and 
depicted in Figure 16. 
The highest increases in abundances can be observed with Cladocera, the most efficient 
herbivores among the zooplankton (Fig. 16). Among grazing zooplankton, Bosmina species 
dominate by numbers (Fig. 17). However, Daphnia is about 1000 times more effective than 
Bosmina is at grazing algae (Geller 1991), so in Fischkaltersee the clear-water phases appear to 
be caused by both zooplankton genera. As a result of sedimentation during quiescent periods 
and grazing by zooplankton, Secchi-disc readings exceeding 4.5 m in depth are common in the 
spring. In other words, Secchi-disc readings of less than 2 m depth, which occurred frequently 
during the period of permanent mixing (Steinberg 1983, Steinberg & Zimmermann 1988), have 
become rare during the later period of intermittent destratification (Fig. 17). As an overall 
consequence of the improved light climate, it appears most likely that cyanobacteria are unable 
to re-adapt and gain dominance by their ability of buoyancy regulation under low light 
conditions. 
The establishment of zooplankton, functionally dominated by highly efficient cladoceran 
grazers, may exert an additional stabilizing "top-down" influence on the total plankton 
community. Vice versa, however, in the absence of considerable populations of large-bodied 
cladocerans, early season blooms of diatoms and green algae reduce light availability, thus 
creating conditions favourable for increased buoyancy and bloom formation by cyanobacteria. 
Similar to Fischkaltersee, in the system studied by Spencer & King (1987), algal buoyancy and 
surface bloom formation were enhanced markedly by decreased light intensity, and only to a 
lesser extent by decreasing availability of carbon dioxide. Furthermore, the appearance of 
cyanobacterial blooms could be prevented by a reduced density of planktivorous fish, which 
allowed development of dense cladoceran populations (also see Benndorf, this volume). 
Discussion 
In general, turbulence appears to have a diverging influence on phytoplankton species. For 
instance, during induced intermittent artificial mixing, several diatoms, desmids, and the 
cyanobacteria Oscillatoria and Limnothrix, achieved rapid rates of growth during mixing 
which then declined or were overtaken by loss rates during quiescent, restratifying episodes. 
Eudorina and Sphaerocystis grew well during quiescence but they declined during mixing 
episodes. During mixing phases, r-strategists (e.g. Rhodomonas and Ankyra) reached 
maximum "true" growth rates, not exceeding 0.75 days-1. The growth rates of other "summer 
species" (Anabaena, Ceratium, Volvox, Microcystis) were depressed during mixing, though 
they generally maintained their existing biomass. By thus controlling the biomass of r-selected 
species and delaying the crop maxima of the K-selected "summer species", the total standing 
crop of phytoplankton was below the mean nutrient-carrying capacity (Reynolds et al. 1984). 
Our findings are at least partly in good agreement with the general statements of Reynolds et 
al. (1984). Discrepancies appear to be mainly attributable to differences in the study seasons. 
Whereas Reynolds et al. (1984) studied summer species, we calculated changes of net growth 
rates of dominant phytoplankters during two occasions in spring 1988 and 1989. Results are 
given in Table 5. With the diatoms, only Fragilaria crotonensis achieved clearly elevated 
growth rates, whereas there were only slight changes in the growth rates of medium-sized 
centric diatoms (a small increase) and Synedra acus (a small decrease). Also consistent with 
Reynolds et al. (1984) is the finding that r-strategists (here: Rhodomonas, Crucigenia) are 
favoured and K-strategists (here: Dinobryon divergens) are not favoured in growth under 
mixing conditions. 
As demonstrated, sufficiently strong turbulence, which changed the conditions for 
competition between phytoplankton species, can be artificially induced by permanent as well 
as intermittent destratification. At least for certain periods of time, the development of 
filamentous cyanobacteria was disturbed or even prevented by both types of destratification. 
As depicted in Figure 8 and by Steinberg (1983), they were out-competed by chlorophytes and 
diatoms. The structural changes can be explained by changes in the chemical and/or physical 
environment so that (1) chlorophytes and diatoms gained advantage in competition over 
cyanobacteria, or (2) cyanobacteria were at a disadvantage. 
However, in the third year of permanent destratification, the filamentous cyanobacteria 
(Limnothrix redekei) reappeared and reached maximum densities far above those of the 
untreated lake (Steinberg & Tille-Backhaus 1990). So it has to be discussed, whether or not the 
explanations above are sufficient to explain not only the change from filamentous 
cyanobacteria to chlorophytes and diatoms, but also the return of Limnothrix in the third and 
fourth year of permanent destratification. 
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Table 5. Changes in net growth rate during destratification of Fischkaltersee 
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Concerning the first hypothesis, the destratification of Fischkaltersee changed the chemical 
environment of the production zone. This was shown, for instance, by the carbon dioxide 
increase in the first year (1980) of permanent destratification (Steinberg 1983). This fact is 
considered advantageous for non-cyanobacteria (Shapiro 1990). The resulting structural 
changes are reproducible and can even be found under alkaline conditions (Benndorf 1988). 
There are two explanations for such shifts. Firstly, due to low carbon dioxide compensation 
points and low photorespiration, cyanobacteria can assimilate at lower concentrations of carbon 
dioxide than eukaryotic algae can and are even capable of directly utilizing bicarbonate (Paerl 
1988). Secondly, even a slight decrease of pH stimulates cyanophages and leads to lysis of 
cyanobacteria (Shapiro 1984). 
At the beginning of the permanent destratification in 1980, this carbon dioxide hypothesis 
appears to be a reasonable explanation for the phytoplankton community changes in favour of 
eukaryotic photosynthetically active organisms, since the availability of carbon dioxide 
increased from concentrations below detection limits to 40 to 100 μequiv. 1-1. However, the 
inverse deduction is not valid, because this mechanism does not sufficiently explain the re-
occurrence of Limnothrix redekei during the third and fourth year of permanent destratification. 
The cyanobacterial re-occurrence took place when carbon dioxide levels clearly ranged above 
detection limits (50 to 100 μequiv. 1-1, Steinberg & Tille-Backhaus 1990) which, according to 
Shapiro's (1984, 1990) hypothesis, should have favoured eukaryotic photoautotrophs. The 
hypothesis which most convincingly explains the re-appearance of Limnothrix during 
permanent destratification is the ability of this cyanobacterium to maintain growth even under 
conditions of resource poverty (rather low P concentration) and of severe light limitation 
through mixing (Reynolds 1989) as well as through shading by other photoautotrophs. 
(Reynolds (1989) reports on a generation time of 5 days for Oscillatoria at 30 μg P 1-1 even at 
daily perceived light integrals of only 0.01 mol photon. This ability is obviously lacking in 
other cyanobacteria and in oligotrophic eukaryotes, such as several chrysophyte species.) 
Furthermore, the above-mentioned carbon dioxide hypothesis does not explain the shifts 
caused by intermittent destratification since 1985. Since then, non-cyanobacteria dominated for 
periods of several months when the free carbon dioxide concentrations in the water were below 
detection levels (Steinberg & Zimmermann 1988 and unpublished data). If, during the 
intermittent destratification, the carbon dioxide effect worked at all it was overlaid by other 
stronger mechanisms. 
Concerning the second hypothesis, from other field studies which are summarized by Fogg 
et al. (1973) and Reynolds & Walsby (1975), it is known that cyanobacteria need zones of 
special physical conditions (e.g. light climate) and chemical conditions (e.g. elevated 
concentrations of organic and inorganic nutrients) for optimal growth. The reason appears to be 
their limited metabolic flexibility (Carr, referred to by Fogg et al. 1973). Apart from the carbon 
dioxide hypothesis, this limited metabolic flexibility also seems to sufficiently explain the 
described decrease of cyanobacteria at the beginning of the permanent destratification 
(Steinberg 1983). 
Oscillatoriales appear to be able to adapt even to turbulent systems, but they exhibit very 
long lag phases. Steinberg & Tille-Backhaus (1990) documented the re-invasion of Limnothrix 
redekei during permanent destratification after two years of absence. 
Permanent destratification 
Compared to untreated lakes with thermal stratification, permanent destratification produced 
unnatural light-dark rhythms for the photoautotrophs, which the filamentous cyanobacteria 
could not adapt to as fast as eukaryotic algae could. The ability of cyanobacteria to regulate 
buoyancy, and thus more or less actively migrate into convenient light climates, no longer 
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counted in the competition with eukaryotic algae. The continued mixing, however, produced 
relatively constant mixing patterns in the lake. Reynolds et al. (1983) discovered that good 
conditions for growth of Oscillatoria (Planktothrix) agardhii exist when the ratio of mixing 
depth (Zmix) to Secchi depth (Zsec) is greater than 2. In Fischkaltersee, Zmix was about 11m and 
Zsec varied between 60 and 300 cm in 1983. If the results with O. agardhii can be transferred to 
other Oscillatoriales, for instance Limnothrix spp., reasonably good growth-supporting 
conditions should have existed for these cyanobacteria in Fischkaltersee in 1983, when 
Limnothrix started to re-occur. During the questionable period, the ratio of Zmix:Zsec varied from 
3.5 to a maximum of 17.5. This may, at least in part, explain the re-appearance and subsequent 
dominance of filamentous cyanobacteria. Nevertheless, Limnothrix redekei needed more than a 
2-year period to adapt to the new conditions, disturbed by permanent mixing. 
Intermittent destratification 
In contrast to permanent mixing, during intermittent destratification the uniform movement 
of the water masses suddenly stops when air pumping is switched off. It was shown that during 
quiescence, slight thermal and chemical stratifications began to proceed (Steinberg & 
Zimmermann 1988). As a consequence, sedimentation could take place with subsequent 
improved light climates. With Secchi depths of more than 6 m, the ratio Zmix:Zsec fell well below 
2, producing unfavourable conditions for cyanobacterial competition. 
What are the reasons for the success of intermittent mixing as an in-lake measure against 
cyanobacterial (mass) development? There are at least three reasonable explanations why 
cyanobacteria cannot adapt fast enough to the intermittently disturbed conditions. 
(1). Species with vacuoles (like Limnothrix redekei) are not able to adjust the size of their 
gas vacuoles fast enough (Oskam 1978; Reynolds 1986; Reynolds & Reynolds 1985). The rate 
of photosynthesis of cyanobacteria - as well as of all photosynthetic organisms - diminishes 
when they are transported into low light zones. So the turgor in the cells drops. The vacuoles, 
however, do not collapse and are not even reduced. When the water movement stops, the cells 
ascend and probably die at the water surface because of the high light intensities to which they 
are not adapted (Reynolds 1984). As a proof of this statement, during the onset of intermittent 
mixing, many Limnothrix redekei trichomes with incomplete or even with defect vacuoles have 
been observed. 
(2). The chemical microscale conditions change rapidly and the environment of the cells is 
best renewed during circulation. The microscale conditions turn drastically worse during 
quiescence, when the zones around the cells become nutrient-depleted. Obviously, 
cyanobacteria cannot adapt fast enough to these conditions of alternating disturbance and 
quiescence. As mentioned above, this is more probably due to a lack of rapid enzymatic 
adaptation. In stratified lakes, cyanobacteria "search" for feasible zones by varying their 
specific weights. In Fischkaltersee, under conditions of intermittent mixing, this capability is 
no longer a competitive advantage, but is an obstacle for survival. 
(3). Ward & Wetzel (1980) found that adaptation to varying light climates by selected 
bloom-forming cyanobacteria, was not completed even within 48 hours. In Fischkaltersee, with 
a mixing rhythm of one turnover in less than 2 days, cyanobacteria should not have been able 
to adapt to strongly changing light levels, even twice within c. 48 hours. 
All three mechanisms result in the fact that the long time-period required by cyanobacteria 
for their adaptation to environmental conditions, appears to be the most important limiting 
factor in competing with eukaryotic algae. As a consequence, when optimizing the rhythm of 
intermittent mixing as a fast-working and effective tool of in-lake management, the following 
targets should be addressed. 
(i). Periods of disturbance (intermittent mixing) should be kept at a minimum, and 
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sedimentation of decaying phytoplankton biomass (bio-seston) should reach a maximum. 
(ii). Periods of quiescence must not result in internal fertilization by nutrient release from 
the sediments. Microbial nutrient-release from settling bio-seston or from the sediments may 
be significantly enhanced by elevated temperatures in the sediment-water interface! 
(iii). Artificial mixing should be applied in short but strong disturbing pulses, which all 
photoautotrophs have to adapt to with specific lag-periods. The photoautotrophs should still be 
in the period of (re)-adaption when, after a period of quiescence, the next disturbance occurs. 
An optimal mixing frequence should maintain phytoplankton growth within the lag phase or, if 
not achievable, far below optimal growth. 
The optimal rhythm of intermittent mixing is a result of these three mechanisms and has to 
be determined specifically for each lake or reservoir under consideration. 
Regarding the long-term operation of this in-lake management measure against 
cyanobacterial dominance, intermittent mixing must be carried out for as long as external 
inputs of nutrients affect the lake or reservoir. In this case, intermittent destratification is a 
treatment of symptoms, to prevent cyanobacterial blooms in the water column. However, as 
has been demonstrated in the Biesbosch reservoirs (see next section), mixing measures cannot 
avoid benthic cyanobacterial developments with their adverse effects on raw water quality (off-
flavour by geosmin and 2-methylisoborneol). In the Biesbosch reservoirs, mixing improved the 
light climate and this promoted or even caused the development of benthic cyanobacteria, due 
to the artificially constructed littoral zones which only allow biofilms to grow. However, it is 
also most likely that in natural lakes, improved light climates would favour the invasion and 
growth of macrophytes, if their resting stages are present, and if the littoral zones are not 
physically hostile as they are in most reservoirs. 
In the case of Fischkaltersee, two different allochthonous inputs have to be stopped: 
phosphorus from desorbing resources in an aquifer and de-icing salts from a street junction. 
These inputs have caused meromixis and indirectly favoured cyanobacterial dominance. 
Intermittent mixing must also be continued until nutrient concentrations and availability have 
decreased to levels which do not support cyanobacterial growth. Concerning phosphorus, this 
threshold is 10 to 15 μg 1-1 (Steinberg & Hartmann 1988). Moreover, in the specific case of 
Fischkaltersee, intermittent destratification has to be maintained for as long as the winter-time 
salt loadings, which cause meromictic conditions in the lake, are not significantly reduced. 
Advantages of intermittent destratification compared with permanent destratification 
The time-scale of the therapy success in Fischkaltersee may be compared with that of the 
Biesbosch project (see the article by Oskam & van Breemen, this volume). This project, in the 
Netherlands, includes permanent destratification in artificial reservoirs. Nutrient-rich water of 
the River Meuse is gathered in considerably deep reservoirs to yield raw water for drinking-
water purposes. The in-lake management measures of the Biesbosch reservoirs are also carried 
out to reduce the biomass of planktonic algae and to extinguish cyanobacteria. Since permanent 
destratification is regarded as one of the fastest-working therapy measures, and because it is 
one of the few measures which show positive results - not only in terms of geochemistry but 
also in limnobiology - we take this management measure as a standard of reference. 
Permanent destratification needs a minimum depth. The artificial Biesbosch lakes are 
significantly deeper than Fischkaltersee. The greater depth results in partial light limitation for 
photoautotrophs and a subsequent decrease in phytoplankton biomass. If permanent 
destratification, however, is applied to relatively shallow lakes, clear increases in phyto­
plankton biomass must be anticipated, as demonstrated for Fischkaltersee phytoplankton in the 
first years of permanent destratification (Steinberg 1983). On the other hand, intermittent 
destratification appears to be applicable to shallow lakes. However, it should not be applied to 
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shallow water-bodies in which, during periods of quiescence, sedimentation and (more or less 
permanent) sediment accumulation do not occur or in which, during mixing periods, re-
suspension overcompensates sedimentation during quiescent periods. 
Both permanent and intermittent destratification can reduce the biomass of photoautotrophs. 
Whereas with permanent destratification the prevailing mechanisms are light limitation and 
grazing of herbivorous zooplankton (Oskam 1978), with intermittent destratification the 
sedimentation of (decaying) phytoplankton biomass is an additional advantage. Compared to 
permanent mixing, which is a relatively inexpensive method, intermittent destratification is 
even less costly (Table 6). 
Table 6. The specific costs (DM per m3 of lakewater) of each physical measure tested in Fischkaltersee 
Parts of this study have been funded by the German Environmental Agency, Berlin, by contract No. 102 
04 411, and parts of this paper are based on the final report of this contract. The authors are grateful to the 
Bavarian Water Board, Munich, for having provided excellent working facilities and to Dr L. Ballhorn for 
improving the wording. 
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